The purpose of this study was to analyze the curing behavior of a nanocomposite by assessing in real time the degree of cure at depths of 2 mm and 6 mm. The variation of hardness with depth, shrinkage stress, and curing time until gelation with 16 curing regimes was further investigated using one halogen and three LED curing units.
INTRODUCTION
Since shrinkage stress has been implicated as a causative factor for marginal discrepancies observed in composite restorations1-3) , considerable efforts have been invested to minimize the shrinkage stress effects during polymerization of composite materials. To reduce shrinkage, the main approaches adopted thus far focus on changing the monomer structure or chemistry, as well as on changing the filler amount, shape, or surface treatment. Versatile methods to modify the monomer matrix have been developed, starting with replacing typically dimethacrylate monomers with methacrylates of reduced reactive group density, to be followed suit with liquid crystalline monomers or ring-opening systems for non-or minimally-shrinking dental composites (such as spiro-orthocarbonates) as additives to dimethacrylates or epoxy-based resins"). For a given chemical composition of a composite system, stress induced during polymerization is influenced by following factors: cavity configuration7) , cavity reconstruction method8,9), and the curing process -in particular the assigned light intensity and the modulation of the assigned light intensityio,ii)
The selection of a suitable polymerization procedure for a restorative composite always implies a compromise between contradicting material characteristics. Thus, a high degree of cure stands in contrast, to the requirement for low polymerization stress values. However, a high degree of monomer conversion is necessary, not only for improving the mechanical characteristics, chemical stability, and longevity of the material12-14) , but also to prevent adverse reactions with negative consequences to the patients.
The aim of this study, therefore, was to select The curing unit Ultralume5 was tested with an LED5 curing lens in the Standard mode, with a constant light intensity of circa 800 mW/cm2. The halogen curing unit Astralis 10 was tested in the HIP regime with a constant light emittance of 1200 mW/cm2.
To evaluate the degree of cure, two different sample geometries were considered: 1 ) One 2-mm high increment in a mold of 2 mm height and 3 mm diameter, cured by applying the curing unit directly on the sample surface;
2) Three consecutive incrementseach 2 mm highin a mold of 6 mm height and 3 mm diameter, cured by applying the curing unit on each increment surface from the top of the 6-mm high mold (Fig. 1) . Real-time measurements were made with an FTIR-Spectrometer with an attenuated total reflectance (ATR) accessory (Nexus, Thermo Nicolet, Madison, USA) . Therefore, the non-polymerized composite paste was put directly on the diamond ATR crystal in the mold as described above. FTIR spectra were recorded in real time for 10 minutes at the bottom of the samples irradiated according to the curing protocol presented in Table 1 . Diameter of measured surface was 800um, wave number of the spectrum ranged between 4000-650 cm-1 , and the FTIR spectra were recorded with four scans at a resolution of 8 cm-1.
To determine the percentage of the remaining unreacted double bonds, the degree of conversion (=DC) was measured by assessing the variation in peak height ratio of the absorbance intensities of methacrylate carbon double bond peak at 1634 cm -1 and that of internal standard peak at 1607 cm-1 (aromatic carbon double bond) during polymerization, in relation to the uncured material.
To analyze the quality of polymerization within the 6-mm high samples, hardness profiles through the middle of the samples were measured.
For this purpose, samples were stored in distilled water after curing for 24 hours at 37C, sectioned in the middle prior to testing with a slow-speed diamond saw (Isomet low speed saw, Buehler, Germany) under water, and polished with a diamond suspension (mean grain size: 1um Consultancy Peter Dullin Jr, Munich) which measured continuously the contraction force generated by polymerizing the restorative material, with compliance compensation for the machine15 '16) . A PTFE-coated plastic tray was attached to the testing machine and holds two aluminum attachments, where one was connected to a load sensor and the other to a Piezo Actuator.
These two opposing attachments together with the plastic mold thus simulated a 4 * 4 * 2 mm cavity with a C-factor17) of 0.3. To facilitate bonding between the composite and the attachments, the functional surfaces of the two attachments were cleaned and coated with ROCATECPre, -Plus (3M-ESPE, Seefeld, Germany) , followed by further application of a silane coupling agent (ESPE-Sil, 3M-ESPE, Seefeld, Germany) . The uncured composite material was then applied in one 2-mm increment. Each curing unit to be tested (Table  1) was applied directly on the surface of the composite specimen.
The contraction force generated by polymerizing the composite was continuously measured and recorded for 300 seconds after photoinitiation. Each experiment was conducted at room temperature and repeated five times for each material.
Results were compared using one-way ANOVA and Tukey's HSD post-hoc test ( a = 0.05) (SPSS 11.0) .
RESULTS
One-way ANOVA analysis of the FTIR-Spectroscopy results is listed in Table 1 . Homogenous subgroups can be identified by the same superscript.
Post-hoc multiple pair-wise comparisons with Tukey's HSD test (p < 0.05) revealed for all tested curing regimes significantly lower degree of conversion (DC) at 6-mm depth compared to that of 2-mm depth.
The realtime measurements of the variation of degree of conversion with time at 2-mm depth, after curing with the halogen curing unit Astralis 10 for 10, 20, and 40 seconds, are shown in Fig. 2 . A section of the first 60 seconds pointed out that an increase of exposure time from 10 seconds to 20 seconds improved the degree of cure, whereas a 40-second polymerization caused no further improvement.
Differences between the degree of conversion at 2-mm and 6-mm depths after curing with the halogen curing unit Astralis 10 (high intensity program) for 10, 20, and 40 seconds are shown in Fig. 3 . The degree of conversion at 6-mm depth was considerably lower compared to that of 2-mm depth.
But, with increasing curing time, these differences decreased. Fig. 4 plots the variation of the degree of conversion as a function of depth and curing regime.
Regarding the 2-mm samples, an extension of curing time from 10 seconds to 20 seconds caused a significantly higher degree of cure, whereas no differences could be registered when curing time was further increased.
In 6-mm samples, the degree of conversion increased significantly with curing time. Fig. 5 shows an example of the variation of hardness with depth for the 6-mm samples layered in three increments, after curing for 10, 20, and 40 seconds with the halogen curing unit Astralis 10 and the LED curing unit Bluephase.
A 10-second polymerization was insufficient for curing the deeper two layers.
As a result, the profile of hardness versus depth showed a discontinuity between the layers, with a decrease in hardness of up to 30 % . With a 20-second polymerization time, the middle layer was also well polymerized.
But for a suitable hardness in the deepest layer, a polymerization time of 40 seconds was necessary.
This behavior was representative of all samples polymerized using both halogen and LED units. period of 2, 5, and 10 minutes. The DC at depth of 6 mm is considerably lower compared to the DC at depth of 2 mm. However, with increasing curing time, these differences are reduced. function of time for the LED curing unit Bluephase after curing for 10, 20, and 40 seconds. The maximum shrinkage stresses after 300 seconds for the tested curing regimes are summarized in Fig. 7 . Oneway ANOVA showed significant differences (p< 0.05) in maximum contraction stress among the curing unit types and regimes.
Post-hoc multiple pair-wise comparisons with Tukey's HSD test (p<0.05) revealed that the 10-second curing regimes of LED curing units caused a significantly lower shrinkage stresses compared with that of halogen curing unit Astralis hand, with halogen curing unit Astralis 10, an increase in exposure time led to a significant increase in shrinkage stress.
The effect of soft-start polymerization on the curing behavior of the composite was assessed with three curing regimes of the LED curing unit MiniLED: Fast cure 20 seconds, Ramp 20 seconds, and Pulse 20 pulses (= 24 seconds) (Fig. 8) . Both Fast cure and Pulse programs included exposure durations of 10 seconds and 12 seconds respectively; the curing unit must therefore be started again for the polymerization time of 20 seconds and 20 pulses respectively.
This effect became visible in the curve (encircled area) and was caused by the drop in temperature after light exposure had ended. The time needed to exceed a force threshold of 0.5 N was arbitrarily defined here as time until gelation. Both Pulse (gel point=2.9 seconds) and Ramp (gel point=5.5 seconds) regimes caused a delay in the gel point, and consequently reduced polymerization shrinkage in comparison to the Fast cure regime (gel point=2.2 seconds).
Regarding the degree of cure, there were no statistically significant differences between the three regimes after a 10-minute observation period. The slow initiation of polymerization in the Ramp regime also caused a slower rise of the degree of conversion in the first 10 seconds, but nonetheless approached the other regimes as light intensity increased.
The Pulse regime, on the other hand, caused a similar development in the degree of conversion as the Fast cure regime with a continuous light emittance.
As for the halogen curing unit Astralis 10, the LED curing unit Bluephase, and the Fast cure regime of MiniLED, no statistically significant differ- ences in their gel points were recorded. The dependency of contraction stress on degree of conversion (Fig. 9) showed an accentuated increase of shrinkage stress above 55% conversion.
DISCUSSION
Finding a suitable curing strategy for a composite implies detailed knowledge about the material behavior during polymerization and the readiness to make a compromise between contradicting physical properties.
A preponderance of studies on the polymerization behavior of dental materials examined primarily the degree of conversion of thin layers13,18,19) These studies did not take into consideration the reduction of light due to distance between light tip and sample surface, or due to absorption, scattering and transmission as light passed through the composite.
To be able to assess the effectiveness of different curing regimes, measurements of the present study were performed in deeper layers.
At 2-mm depth, the largest differences between the curing units in terms of degree of conversion were found within the 10-second regimes.
The higher light intensity and heat emission of the halogen curing unit, Astralis 10, also led to its highest degree of conversion in comparison to the tested LED curing units.
An increase of polymerization time from 10 to 20 seconds significantly improved the degree of conversion; but the differences between the curing units were somehow leveled. A further increase of curing time did not improve the degree of cure, neither within the regimes nor between the curing units.
A longer polymerization time thus compensated the heating effect of the halogen curing unit, when curing units with comparable light intensity were analyzed.
At 6-mm depth, however, a different situation occurred: the degree of conversion rose continuously with exposure time. Within one curing regime, the 6-mm sample required a long polymerization time of 40 seconds to approach the degree of cure that took only a short curing time of 10 seconds to be accomplished in the 2-mm sample. For two curing regimes, namely the Fast cure regime of the curing unit MiniLED and the halogen curing unit Astralis 10, their differences were small but nonetheless significant.
The three curing regimes of the LED curing unit MiniLEDFast cure 20 seconds, Ramp 20 seconds, and Pulse 20 pulses (= 24 seconds) -offered the possibility to assess the effect of soft-start polymerization on the curing behavior of a nanocomposite. Power provided for the continuous Fast cure regime was 1100 mW/cm2, whereas the Pulse regime rendered this power by an emission of successive flashes of one second, with a rest period of 250 ms between the flashes. Accordingly, the power densities of these two regimes were identical.
In the case of the Ramp program, the intensity was slowly raised from 0 to 1100 mW/cm2 in the first 10 seconds and then kept constant at the maximum intensity for an additional 10 seconds.
As a result, the power density was lower. In the pre-gel phase, the restorative material can flow from the free surface of the cavity. The viscosity of the developing polymer is still low, thus permitting compensation of shrinkage stress20). The time at which the material is no longer able to compensate the polymerization contraction will therefore determine the final tensions in the material.
In this study, the soft-start polymerization regimes -Pulse and Ramp -caused a delay in the gel point in comparison to the Fast cure regime, and therefore also reduced the final polymerization shrinkage.
Regarding the degree of cure, there were no significant differences between these three regimes, be it at 2-mm or 6-mm depth. The slower initiation of cure in the Ramp program also caused a slower rise of the degree of conversion in the first 10 seconds, but nonetheless approached the other regimes as light intensity increased. The Pulse regime, on the other hand, caused a similar development in the degree of conversion as the Fast cure regime with a continuous light emittance.
The polymerization reaction seemed to be less efficient when initiated at high light intensity.
A plausible explanation is that at high intensities, more free radicals are created, which may increase the chain termination reactions21 '22) . On this note, the effectiveness of an initiator is limited by a deactivation mechanism.
An active photoinitiator not only starts a polymerization reaction, but by recombination with another active photoinitiator or reaction with an activated polymer chain, also stops it. In addition, the speed of chain growth correlates linearly with the concentration of free radicals, whereas the speed of chain termination is proportional to the square of radical concentrationn21) . Thus, by reducing the concentration of free radicals using a soft-start polymerization, the speed of chain termination reaction will be reduced considerably faster than the speed of chain growth, thereby prolonging the polymerization reaction. This applies also for polymerization at 6-mm depth, where light intensity is reduced as a consequence of increased distance between light tip and sample.
The degree of conversion at 6-mm depth rose continuously with exposure duration, whereas at 2-mm depth an increase of curing time from 20 seconds to 40 seconds did not improve the degree of cure significantly.
Thus, in the polymerization of 2-mm thick nanocomposite, Filtek Supreme, the soft-start regimes Ramp and Pulse 20 reduced shrinkage stress while simultaneously keeping the degree of conversion constant.
These results were in agreement with other studies10,23) which also reported a reduction of composite stress based on curing mode without compromising the degree of conversion. Further, the soft cure regimes tested in the present study caused no significant differences concerning shrinkage stress when compared with the 10-second regimes of the LED curing units, while the degree of conversion was significantly improved.
Since the degree of conversion was not improved with extension of polymerization time to 40 seconds, a 20-second soft cure regime (1100 mW/cm2) should be an acceptable compromise for curing a 2-mm thick layer.
Shrinkage stress is a causative factor for marginal discrepancies observed in composite restorations1-3) . If local contraction stresses exceed the local bond strength, stress-relieving gaps may develop. A modality to estimate the probability of failure of a material or interface in a restoration is to compare the peak stress value. A peak stress value is calculated by simulating polymerization shrinkage with finite element models with measured strength values9,24). In a review of literature concerning methods used in dentin bonding tests, al-Salehi et a1.25) reported an average shear bond strength of 12.97 MPa and an average tensile bond strength of 9.20 MPa between dentin and composite materials, whereas Barkmeier et al. 26) showed that enamel shear bond strength values ranged between 15.5 MPa and 23.7 MPa. In the simulation of the polymerization process, Hubsch et al.27 ) employed finite element analysis to obtain values for a Class I cavity: 8.5 MPa for maximum shear stress at the restoration-tooth interface and 8 MPa for maximum tensile stress. Barink et al.24) , on the other hand, used a more favorable Cfactor in a cusp-replacing restoration model and reported values of about 6 MPa for maximum tensile stress and 5.5 MPa for shear stress.
In the present study for nanocomposite Filtek Supreme, a C-factor of 0.3 was used for measuring the polymerization stress.
The measured values varied between 3.3 MPa for the Pulse regime of the LED curing unit MiniLED after 10 seconds and 6.5 MPa for the halogen curing unit Astralis 10 after a polymerization time of 40 seconds. Even if these values were lower compared with the mean tensile or shear strength of the reviewed literature, reduced shrinkage stress values should be the goal. This is because a rapid development of polymerization shrinkage stress may compromise a competent formation of adequate adhesive bond between the tooth and restorative material.
In terms of techniques that help to reduce polymerization shrinkage stress, it remains a question whether or not the incremental filling technique fulfills this purpose. While the debate is still going on, an additional important criterion must also be considered when choosing an appropriate polymerization technique -namely, the mechanical properties in the depth of a cavity.
The variation of hardness with depth as a function of curing regime showed that a 10-second polymerization with the tested curing units was not able to adequately cure the nanocomposite adequately at a depth of 6 mm or even 4 mm. Consequently, the variation of hardness with depth showed a discontinuity between the layers, with a decrease in hardness of up to 30%. Even if the hardness did not reach low values in the interface between two layers, this non-linear profile of hardness against depth supplied weak points which could become the originating points of fractures.
By applying a 20-second polymerization time, the middle layer would be well polymerized.
As for the deepest layer, a polymerization time of 40 seconds was necessary. This behavior was representative of all tested polymerization units (i.e., both halogen and LED) , so that a 40-second light exposure is recommended for curing the deeper layer (6 mm) of the nanocomposite, Filtek Supreme.
CONCLUSIONS
Within the limitations of the present study, the following conclusions were drawn: .
• It was shown in the present study that the soft-start polymerization concept is still valid, even for high-power LED curing units.
A soft cure polymerization resulted in reduced shrinkage stress while simultaneously keeping the degree of cure and mechanical properties constant. . • For curing thin layers (2 mm) of the nanocomposite Filtek Supreme, a soft-start polymerization (20 seconds) is recommended as long as the light tip is close to the increment surface. In this study, for the tested curing units, an extension of polymerization duration from 20 seconds to 40 seconds was not necessary because the degree of cure did not improve significantly.
• For reconstruction of deep cavities (6 mm) , subjecting the deepest increment to a 40-second light exposure is indispensable.
